Growth differentiation factor-15 (GdF-15) is a transforming growth factor (TGF)-β superfamily member with a poorly characterized biological activity, speculated to be implicated in several diseases. The present study aimed to determine whether GdF-15 participates in sepsis-induced acute liver injury in mice. Lipopolysaccharide (LPS) and d-galactosamine (d-GalN) were administered to mice to induce acute liver injury. Survival of mice, histological changes in liver tissue, and levels of inflammatory biomarkers in serum and liver tissue were evaluated following treatment with GdF-15. The underlying mechanism was investigated by western blotting, ELISA, flow cytometry, and reverse transcription-quantitative polymerase chain reaction using Kupffer cells. The results demonstrated that GdF-15 prevented LPS/D-GalN-induced death, increase in inflammatory cell infiltration and serum alanine aminotransferase and aspartate aminotransferase activities. In addition, GdF-15 treatment reduced the production of hepatic malondialdehyde and myeloperoxidase, and attenuated the increase of interleukin (IL)-6, tumor necrosis factor (TNF)-α, and IL-1β expression in serum and liver tissue, accompanied by inducible nitric oxide synthase (iNOS) inactivation in the liver. Similar changes in the expression of inflammatory cytokines, IL-6, TNF-α and IL-1β, and iNOS activation were observed in the Kupffer cells. Further mechanistic experiments revealed that GdF-15 effectively protected against LPS-induced nuclear factor (NF)-κB pathway activation by regulating TGFβ-activated kinase 1 (TAK1) phosphorylation in Kupffer cells. In conclusion, GdF-15 reduced the activation of pro-inflammatory factors, and prevented LPS-induced liver injury, most likely by disrupting TAK1 phosphorylation, and consequently inhibiting the activation of the NF-κB pathway in the liver.
Introduction
Sepsis, a systemic inflammatory the potential prevention role of GdF-15 in sepsis, mice were intravenously injected with GDF-15 (10 mg/kg) after being administered with LPS (20 mg/kg) and D-GalN (700 mg/kg). Mice in the negative control group were treated with vehicle (sterile PBS). All of the mice were monitored for 36 h to assess their survival rates response syndrome caused by severe microbial infection, remains the leading cause of death in intensive care units worldwide (1, 2) . Research efforts in the field of sepsis have focused primarily on the innate immune system, and typically, have conceptually viewed sepsis as a hyper-inflammation syndrome (3, 4) . Acute liver injury, characterized by severe hepatic injury with failure of hepatocyte function, is an important cause of morbidity and mortality in patients with sepsis (5) . The importance of macrophage activation and endotoxin-mediated proinflammatory cytokine production during liver injury is evident from numerous models of acute and chronic liver diseases (6) . Pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, and IL-1, are primarily involved in the promotion of inflammatory processes, and have an important role in liver injury (7, 8) .
Lipopolysaccharide (LPS), a constituent of the outer cell wall of gram-negative bacteria, has the ability to elicit a severe inflammatory response in organisms, ultimately resulting in systemic inflammatory response syndrome. Liver cells, including Kupffer cells, hepatocytes and sinusoidal endothelial cells, can take up circulating LPS, following both ex vivo exposure to LPS and LPS injection (9) . d-galactosamine (d-GalN) can increase the sensitivity of liver cells to LPS, and induce liver injury, as well as elevate serum TNF-α levels abnormally in the presence of low-dose LPS (10) . Therefore, the combined use of LPS and d-GalN is used to establish a successful liver dysfunction model (10) .
Growth differentiation factor-15 (GDF-15), also known as macrophage inhibitory cytokine-1 (MIC-1) and nonsteroidal anti-inflammatory drug-activated gene-1 (NAG-1), is a
GDF-15 prevents LPS and D-galactosamine-induced inflammation and acute liver injury in mice
divergent member of the transforming growth factor (TGF) β family related to immunosuppression, anti-apoptosis, anti-inflammation, growth inhibition, and cancer cell invasion (11) . Previous investigations have suggested that GdF-15 has important roles in heart diseases. In patients with atrial fibrillation, GDF-15 is an independent risk indicator for major bleeding and all-cause mortality, although not for stroke (12) .
In patients with acute heart failure, enrolled in the RELAX in Acute Heart Failure study, increases in GdF-15 levels, although not baseline measurements, were related to a greater risk of adverse outcomes (13) . A previous experimental study has demonstrated that GDF-15 deficiency augments inflammatory responses, and exacerbates LPS-induced renal and cardiac injury, while GDF-15 overexpression protects the kidney and heart from LPS-induced organ dysfunction (14) . The present study aimed to determine whether GdF-15 participates in sepsis-induced acute liver injury in mice, by establishing an experimental model for acute liver injury using LPS and D-GalN. The histological changes, inflammation status, and potential mechanism were investigated.
Materials and methods
Animals and experimental models. c57BL/6 male mice (5-6 weeks old, 20-22 g weight) were obtained from Beijing HFK Bioscience co., Ltd. (Beijing, china). The animals were housed on 12-h light/dark cycles at 25˚C. Animals received standard animal rodent chow and water ad libitum. care of animals and the experimental protocols for this study were approved by the Institutional Animal Use committee of the Southern Medical University (Guangzhou, china). LPS (Escherichia coli 0111:B4), d-GalN and curcumin were obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Acute liver injury was induced by intraperitoneal injection of 20 µg/kg body weight of LPS and 700 mg/kg body weight of d-GalN. A total of 48 mice were randomly divided into 3 groups. Mice in the control group received injections of PBS alone. Mice in the model group received LPS injections and 15 min later were injected with d-GalN. Mice in the GdF-15 treatment group were injected intravenously with GDF-15 [1 mg/kg body weight (15) ; purchased from Sino Bio, Beijing, china] 10 min after the d-GalN injection. A total of 6 mice in each group were anesthetized and sacrificed 6 h following LPS injection. The liver tissue and blood serum were collected for further analysis. A total of 10 mice in each group were used for survival analysis for an additional 36 h.
Measurement of serum aminotransferase activities.
Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities were measured via the enzymatic kinetic method, by using an automatic biochemistry analyzer (SELECTA XL; Vital Scientific, Dieren, Netherlands) according to the manufacturers' protocol.
Histological analysis. Liver tissues were fixed in 4% paraformaldehyde solution at room temperature (22-25˚C) for 48 h, embedded in paraffin, and sectioned at 5-µm. Following dehydration, sections were stained with hematoxylin and eosin (H&E) at room temperature (22-25˚C) according to the previously reported methods (hematoxylin staining for 3 min and eosin staining for 1 min) (16) . Grading was adapted from t'Hart et al (17) and described as: 1, normal rectangular structure; 2, rounded hepatocytes with an increase in the sinusoidal spaces; 3, vacuolization; 4, nuclear picnosis; and 5, necrosis. Histological evaluations of the damage scores were performed in a blinded manner by 3 different observers.
ELISA. The IL-6 (cat. no. EMc004.96; NBS Biologicals, Ltd., Shenzhen, china; http://www.nbs-bio.com/), TNF-α (cat. no. EMc102a.96; NBS Biologicals, Ltd.), IL-1β (cat. no. EMc001b.96; NBS Biologicals, Ltd.), cyclooxygenase-2 (cOX-2; cat. no. ab210574; Abcam, cambridge, UK) and monocyte chemoattractant protein-1 (McP-1; cat. no. EMc113.96; NBS Biologicals, Ltd.) levels in the serum, liver tissues and medium were determined by ELISA analysis, following the instructions of the kit manufacturer.
Measurement of malondialdehyde (MDA). MDA was quantified as thiobarbituric acid reactive substances (TBARS), according to previously published methods (18) . Briefly, the weighed samples were homogenized in 1 ml 5% trichloroacetic acid. The samples were centrifuged (10,000 x g) at 4˚C for 5 min and 250 ml of the supernatant was reacted with the same volume of 20 mM thiobarbituric acid for 35 min at 95˚C, followed by 10 min at 4˚C. Sample fluorescence was measured using a spectrophotometric plate reader at the wavelength of 545 nm.
Liver myeloperoxidase (MPO) assay. The liver MPO was determined as previously described (19) . Briefly, the liver tissue was homogenized (50 mg/ml) in 0.5% hexadecyltrimethylammonium bromide in 10 mM 3-(N-morpholino) propanesulfonic acid and centrifuged (15,000 x g) at 4˚C for 40 min. The suspension was then sonicated 3 times for 30 sec at 1 min intervals. An aliquot of supernatant was mixed with a solution of 1.6 mM tetramethylbenzidine and 1 mM H 2 O 2 . The activity was measured spectrophotometrically as the change in absorbance at 37˚C with a microplate reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The results are expressed as units of MPO activity per gram of protein, as determined by the Bradford assay (Beyotime Institute of Biotechnology, Beijing, china).
Immunofluorescence staining. Liver tissues were fixed in 4% paraformaldehyde solution at room temperature (22-25˚C) for 48 h, embedded in paraffin, and sectioned at 5-µm. Following dehydration and antigen retrieval (3 min under high pressure), tissue samples were blocked with goat serum at room temperature (22-25˚c) for 15 min and incubated with specific rabbit monoclonal antibody against inducible nitric oxide synthase (iNOS; 1:200; cat. no. ab15323; Abcam, cambridge, UK) and rabbit monoclonal antibodies against CD68 (1:150; cat. no. ab125212; Abcam) at 4˚C overnight. A secondary antibody, either fluorescein isothiocyanate (FITc; 1:100; cat. no. sc-2012) or cyanine (cy) 3 (1:100; cat. no. sc-2010)-conjugated anti-rabbit or anti-mouse IgG (Santa cruz Biotechnology, Inc., dallas, TX, USA) was then added and incubated at 37˚C for 1 h. The nuclei were stained with dAPI (Beyotime Institute of Biotechnology). Images were captured with a Nikon DX500 fluorescent laser-scanning microscope (Nikon Corporation, Tokyo, Japan).
Cell culture and treatment. Kupffer cells were obtained from Jennio Bio (Guangzhou, china), and they were confirmed by a short tandem repeat analysis. The cells were routinely maintained in DMEM (Invitrogen; Thermo Fisher Scientific, Inc.) with 10% fetal bovine serum (FBS; Merck KGaA) and 1% antibiotic-antimitotic reagent (Invitrogen; Thermo Fisher Scientific, Inc.). For treatments, Kupffer cells were plated in 6-well plates at 2x10 5 per well. A total of 24 h post-plating, LPS (2 µg/ml) was added to the cells, while sterile PBS was used as negative control. GdF-15 (10 ng/ml) was added into the supernatant of LPS-treated cells, as previous described (20) . At 24 h post-treatment, the supernatant and total protein were collected for ELISA and western blotting analyses.
Western blotting analysis. cells were collected and lysed with RIPA lysis buffer (Beyotime Institute of Biotechnology) containing 1/100 protease inhibitor cocktail (Merck KGaA). Following centrifugation at 12,000 x g, 4˚C for 15 min, the proteins were collected and used for concentration measurement with a BCA kit (Beyotime Institute of Biotechnology). Total protein (20 µg) from each sample was separated by SDS-PAGE (8 or 10%) and transferred to polyvinylidene fluoride membranes (Merck KGaA) electrophoretically. The membranes were blocked with 5% nonfat milk in Tris-buffered saline containing 0.5% Tween-20 and then incubated overnight at 4˚C with the following primary antibodies from cell Signaling Technology, Inc. (danvers, MA, USA): nuclear factor (NF)-κB p65 (1: Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total mRNA was extracted from the cells using TRIzol (Thermo Fisher Scientific, Inc.). Reverse transcription was performed following the protocol of the PrimeScript RT reagent kit with gDNA eraser (cat. no. RR047A; Takara Biotechnology Co., Ltd., Dalian, China). The Permix Taq kit (cat. no. RR066A; Takara Biotechnology Co., Ltd.) was used for qPcR. All of the reactions were performed using the cFX96 Touch Real-Time PcR detection system (Bio-Rad Laboratories, Inc., Hercules, cA, USA). The qPcR conditions were as follows: Denaturation at 94˚C for 2 min, amplification for 30 cycles at 94˚C for 0.5 min, annealing at 60˚C for 0.5 min and extension at 72˚C for 1 min, followed by a terminal elongation step at 72˚C for 10 min. The threshold cycle (Cq) values were determined by plotting the observed fluorescence against the cycle number. cq values were analyzed using the comparative threshold cycle method and normalized to those of GAPdH (22) . The relative gene expression levels were estimated using the following formula: Relative expression = 2 -[cq (iNOS) -cq (GAPdH)] . The sequence of primers for iNOS: Forward, 5'-GAGcGAGTTGTGGATTGTc-3' and reverse, 5'-cTccTTTGAGcccTTTTGT-3'; for GAPdH: Forward, 5'-GGTcGGAGTcAAcGGATTTGGTcG-3' and reverse, 5'-ccTccGAcGccTGcTTcAccAc-3'.
Statistical analysis. data were expressed as means ± standard deviation. All of the data were analyzed with SPSS 17.0 version (SPSS, Inc., chicago, IL, USA). One-way analysis of variance followed by a dunnett's post hoc test for multiple comparisons and a students' t test was used to compare two groups. P<0.05 was considered to indicate a statistically significant difference. Three to five random experiments were repeated.
Results
Protective effect of GDF-15 in LPS/D-GalN-induced acute liver injury. To evaluate. As illustrated in Fig. 1A , LPS/d-GalN administration resulted in death in 80% of the mice death at 36 h compared with the PBS injection group. However, GDF-15 treatment efficiently enhanced the survival of mice (only 3 out of 10 mice were dead at 36 h post LPS/d-GalN injection; Fig. 1A ). At 6 h post LPS/d-GalN injection, liver tissues from the mice were used for histological examination. Results from H&E staining identified hepatocyte necrosis and inflammatory cell infiltration in the model group (LPS/D-GalN administration alone), while these effects were markedly less evident in the GdF-15 treatment group (Fig. 1B) . To determine the effect of GdF-15 on liver injury induced by LPS/GalN, the serum levels of AST and ALT were assessed. The levels of ALT and AST were significantly increased by LPS/D-GalN administration ( Fig. 1c and d) . However, GdF-15 treatment significantly decreased the activities of ALT and AST, compared with the model group ( Fig. 1c and d) . collectively, these results demonstrated the preventative role of GdF-15 in LPS/d-GalN-induced acute liver injury.
GDF-15 represses liver inflammation induced by LPS/D-GalN.
Subsequently, to determine the potential anti-inflammatory effect of GdF-15, the levels of the pro-MdA and MPO were monitored in liver. As presented in Fig. 2A , LPS/d-GalN administration increased the amount of MdA compared with the control group. However, compared with the model group, the content of MdA was decreased in the GdF-15-treated mice ( Fig. 2A ). In addition, an MPO assay demonstrated that GdF-15 dramatically attenuated LPS/d-GalN-induced leukocyte infiltration in liver (Fig. 2B ). ELISA analysis demonstrated the upregulation of pro-inflammatory cytokines IL-6, TNF-α and IL-1β both in serum and liver tissue of mice following LPS/d-GalN administration (Fig. 3) . Furthermore, this increase in serum and hepatic IL-6, TNF-α and IL-1β expression was prevented in mice treated with GdF-15 (Fig. 3) . These results indicated that GdF-15 had an obvious anti-inflammatory activity in vivo.
GDF-15 inhibits LPS/D-GalN-induced iNOS activation in liver.
To determine the effect of GdF-15 on macrophage activation, immunofluorescent staining was performed to detect iNOS-positive macrophages in liver tissue. Immunofluorescent staining of liver samples revealed that iNOS expression colocalizing with CD68, a macrophage marker, was markedly increased following LPS/d-GalN administration compared with the control group (Fig. 4A ). However, compared with the model group, less iNOS/cd68-positive macrophages were observed in the GdF-15-treated mice (Fig. 4A) . Then, the levels of, the macrophage-associated pro-inflammatory cytokines COX-2 and MCP-1 were determined. The results demonstrated the increased expression of hepatic cOX-2 and McP-1 in mice following LPS/d-GalN administration ( Fig. 4B and c) . Treatment with GdF-15, however, inhibited the LPS/d-GalN-induced cOX-2 and McP-1 expression in liver (Fig. 4B and c) . collectively, these results suggested that GDF-15 inhibited the activation of pro-inflammatory macrophages in vivo.
GDF-15 attenuates LPS-induced inflammation and iNOS activation in Kupffer cells.
To investigate the anti-inflammatory mechanism of GdF-15 in LPS/d-GalN-induced acute liver injury, GdF-15 was used to treat Kupffer cells in vitro. ELISA analysis was performed to determine the IL-6, TNF-α and IL-1β expression in the supernatant of the treated Kupffer cells. As presented in Fig. 5A -c, treatment of Kupffer cells with LPS (2 µg/ml) significantly increased the levels of the pro-inflammatory cytokines IL-6, TNF-α and IL-1β, while GdF-15 treatment significantly inhibited this effect. Flow cytometry analysis indicated that LPS promoted the activation of pro-inflammatory Kupffer cells (measured as the % of iNOS-positive cells; Fig. 5d ). However, the LPS-induced activation of pro-inflammatory Kupffer cells was significantly suppressed by GdF-15 treatment (Fig. 5d ). RT-qPcR analysis also confirmed the inhibiting effect of GDF-15 on LPS-induced iNOS upregulation at the mRNA level ( Fig. 5E ). Finally, LPS administration upregulated the levels of macrophage-associated pro-inflammatory cytokines, COX-2 and MCP-1, in the supernatant of Kupffer cells, and this effect was significantly attenuated by GdF-15 treatment ( Fig. 5F and G) . These results indicated that GDF-15 attenuated LPS-induced inflammation and iNOS activation in Kupffer cells.
GDF-15 protects against LPS-induced NF-κB pathway activation through regulating TAK1 phosphorylation in Kupffer cells.
To further investigate the anti-inflammatory mechanism of GdF-15 in Kupffer cells, western blotting analysis was performed to detect NF-κB p65, p-TAK1, TAK, NF-κB p50, p-IκBα and IκBα expression in Kupffer cells following LPS and GdF-15 treatment. As presented in Fig. 6A , NF-κB p65 expression was induced by LPS, compared with the negative control group (PBS). However, GdF-15 dramatically impaired the upregulation of NF-κB p65 (Fig. 6A) , compared with the LPS group. GDF-15 also efficiently prevented the activation of TAK1 (Fig. 6B) , which has been demonstrated to be the direct binding receptor of GdF-15 in macrophages (23) . Furthermore, NF-κB p50 expression and phosphorylation of IκBα was inhibited by GdF-15 teratment in Kupffer cells, compared with the LPS alone treatment group (Fig. 6c ). collectively, these results suggested that GdF-15 protected LPS-induced NF-κB pathway activation through regulating TAK1 phosphorylation in Kupffer cells.
Discussion
The present study demonstrated that GdF-15 treatment reduced LPS/d-GalN-induced acute liver injury in mice, suggesting that GdF-15 was a preventive factor in the pathological process. The mechanism underlying the role of GdF-15 in preventing LPS/d-GalN-induced acute liver injury was further investigated. Lower levels of inflammatory cytokines and numbers of inflammatory macrophages (iNOS-positive) were measured in the GdF-15-treated group compared with the model group. Investigations of the molecular mechanism demonstrated that GdF-15 effectively protected against LPS-induced NF-κB pathway activation, by regulating TAK1 phosphorylation in Kupffer cells. In conclusion, GdF-15 reduced the activation of pro-inflammatory factors, and prevented LPS/D-GalN-induced liver injury, most likely by disrupting TAK1 phosphorylation and consequently inhibiting the activation of the IκBα/NF-κB pathway in the liver.
GdF-15 is a divergent member of the human TGF-β superfamily showing similarity to both classical TGF-β isoforms and bone morphogenetic proteins (BMPs) (24) . In healthy individuals, GdF-15 is strongly expressed in the placenta during pregnancy, and at low-to-moderate levels, in the brain, liver, breast, colon, and bone marrow (25) . GdF-15 overexpression has been described in colorectal cancer and malignant glioma (25) (26) (27) . Additionally, serum GdF-15 levels have been reported to correlate with heart failure (13), atrial fibrillation (12) , atrial fibrosis (28) , and cardiac injury (29) . These previous findings possibly indicated that GDF-15 has heterogeneous functions in different diseases. Furthermore, a previous study indicated that decompensated liver cirrhosis patients had increased serum GdF-15 levels compared with patients with compensated liver cirrhosis and chronic hepatitis (30) . Serum GDF-15 levels are significantly increased in critically ill patients, associated with sepsis, organ failure, and disease severity (31) . However, the function of GdF-15 in sepsis remains unclear. The present study demonstrated that decreased LPS/GalN-induced acute liver injury was observed in mice injected with GdF-15, accompanied with lower serum levels of AST and ALT. These findings suggested that GDF-15 is a preventive factor in this pathological process and a potential therapeutic agent for sepsis, although further research is required to examine the clinical importance of GdF-15 in sepsis in humans.
The inflammatory response following sepsis is important for the induction of liver injury (32, 33) . Thus, perturbation of the induction of the inflammatory response is a potential therapeutic strategy for liver injury (7, 34, 35) . Upon stimulation of D-GalN-sensitized mice with LPS, the pro-inflammatory cytokines IL-1, IL-6 and TNF-α are secreted, inducing hepatocellular apoptosis, which has been identified as an early and possibly causal event in LPS/d-GalN-induced liver failure (36, 37) . In the present study, the inhibitory role of GDF-15 in LPS/D-GalN-induced inflammation was demonstrated, evidenced by the low levels of hepatic MdA, MPO, and pro-inflammatory cytokines in the mice treated with GDF-15. These findings were consistent with those of a previous study by Kim et al, reporting that transgenic mice expressing human NAG-1/GdF-15 have less white adipose tissue, which may be responsible for reduced inflammatory response to LPS (20) .
Liver dysfunction following sepsis is an independent risk factor for multiple organ dysfunction and sepsis-induced death (32, 38) . Acting as a double-edged sword in sepsis, liver-mediated immune response is responsible for eliminating bacteria and toxins, although it also causes inflammation, immunosuppression, and organ damage (32, 38) . As key components of the hepatic innate immune system, Kupffer cells are postulated to have a central role in the response to LPS and as mediators of LPS-induced liver injury (39) . Upon stimulation by LPS, Kupffer cells secrete pro-inflammatory molecules, including IL-1, IL-6, TNF-α, McP-1 and cOX-2 (40) . In the present study, GdF-15 was demonstrated to significantly inhibit in vivo and in vitro inflammatory cytokine expression in murine Kupffer cells, accompanied with a decrease in numbers of pro-inflammatory macrophages. Further investigations of the molecular mechanism revealed that GdF-15 effectively protected against the activation of the NF-κB pathway, by regulating TAK1 phosphorylation in Kupffer cells. These results were consistent with those of a previous study, reporting that GdF-15 suppresses macrophage activity by inhibiting TAK1 signaling to NF-κB (23) . However, there were some findings differing between the present study and this previous study, which demonstrated that GdF-15 did not inhibit LPS-induced cytokine expression in RAW264.7 cells or mouse Kupffer cells in vitro (20) . It can be speculated that these discrepancies may result from the different treatment methods used.
In summary, the main findings of the present study, both in vitro and in vivo, demonstrated the preventive role and mechanism of GdF-15 against LPS/d-GalN-induced mortality, acute liver injury, and inflammatory response. Although further research is required to examine the clinical importance of the present findings, these results suggest a therapeutic potential for GdF-15 in sepsis treatment.
